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approaches and analytical methods to characterize the
ABSTRACT durability of future aircraft materials and structures
A rational approach to the problem afcalerated throughout their service life. The current work
testing of high temperature polymeric composites ispecifically addresses issues incelerated aging of
discussed. The methods provided are considered todk9lymer matrix composite materials suitable for high
useful in the screening of new materials systems fofemperature applications.
!ong-term application to extreme _environments that INTRODUCTION
include elevated temperature, moisture, oxygen, and
mechanical load. The need for reproducible The long-term exposure of aerospace, polymeric
mechanisms, indicator properties, and real-time dataomposite materials to the use-environment will
are outlined as well as the methodologies for specifieventually result in change(s) in the original properties
aging mechanisms. of the material. This process is loosely referred to as
“aging”.  This material aging may translate to
BACKGROUND structural changes in mission-critical components
In 1996, at the request of NASA, theafibnal ~ Which for an aerospace platform can have a potentially
Research Council’s National Materials Advisory Boardcatastrophic effect on both the vehicle and its payload.
(NMAB) published a report (Starke [1]) omaelerated Therefore, studying and understanding the aging
aging of future aircraft related materials. TRMAB  process in high performance aerospace materials is
study committee was established to (1) provide arfritical to their proper design, construction and safe
overview of long-term exposure effects; (2) recommendperation.
improvements to analytical methods and approaches to Verified accelerated aging methods are needed to
accelerate laboratory testing; a(8) identify research provide guidance for materials selection and to
needed to develop and verify the required testingdccurately assess aging of new materials. The concept
predictive analytical capabilities, and evaluation©of accelerated aging can be interpreted many different
criteria. The NMAB report identified issueslated to ways and it is therefore important that a common
the aging of aluminum, titanium, polymer matrix definition of some important terms be established
composites, and ceramic  matrix Compositeslbefore going into further detail. Three terms are of
Suggestions were outlined focaelerated evahtion — particular importance: environmental stress factor,
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critical degradation mode, andccelerated aging. to changes in the standard practice and provide
Environmental stress factor is the general term foquantitative rationale for manufacturers and fabricators
specific use-environment conditions; i.e. heat,to follow new and improved specific procedures.
moisture, mechanical load, etc. are all environmental The empirical methods for accelerated aging may
stress factors. Critical degradation mode oraddress the concerns for specific applications and
mechanism refers to the fact that all polymer systemenvironments, but the need for predicting performance
are more susceptible to attack by a specific set adh broader service conditions will require the
environmental stress factors. The degradatiordevelopment of empirical methods coupled with
mechanism that results in a significant loss in anynalytical methods. The development of accelerated
important bulk physical property of the material systemaging methods requires extensive testing to define
when exposed to environmental stress factors insideritical environmental stress factors and their
the limits of the use-environment is the critical interactions. This testing provides insight into how
degradation mechanism.céelerated aging is defined materials behave and input for the development of
as the process or processes required to accelerateamalysis methods to predict material performance
specific mechanism or mechanisms relative to ander various conditions of load, temperature, and
baseline aging condition; thereby resulting in theenvironment. A comparison of mechanical properties,
material reaching the same aged end-state as a redamage modes, and physical parameters; such as
time aged material, but in less time. weight loss, changes in glass transition or fracture
Only by wunderstanding how each agingtoughness; from accelerated testing with those from
mechanism affects a given material system can it beeal time testing serves to validatecelerated aging
determined if that aging mechanism can be properlynethods.
accelerated. In the simplest case, aging is @dedc
with a single mechanism, in which case aceglen of
this mechanism will allow meaningful ceelerated REQUIREMENTS FOR ACCELERATED
aging methods to be developed. More likely, the aging TESTING
process involves several different mechanisms that may -
or may not act synergistically, complicating the  While the details of the aging process in polymeric
problem significantly. Irrespective of these difficulties, COmposites can be quite complicated in a given
it is critical that the mechanisms underlying aging inmaterial system, it is worth pausing to consider that the
high performance material systems be studied anéleneral process of aging is fairly straightforward.
explored. Without an understanding of theseWhether or not we understand the relationship between
underlying processes, there is little hope thathe molecular and morphological structures of a
accelerated aging studieslivbe of much use in the Polymer system and its bulk mechanical properties, the
materials science community. fact remains that those bulk properties are determined
by features at the molecular and microscopic level.
During aging, one or more environmental stress factors
OBJECTIVE act on the bulk polymer. The effects of these stress
factors are translated down to the
microscopic/molecular level where some change occurs
in the polymer network or chain via some mechanism.
y’nis modification of structure is translated back to the
acroscopic level and observed as a change in bulk

The highly empirical approaches taken for the
majority of accelerated aging studiestdtes that the
primary objective of anctelerated aging method is to
screen and characterize new material systems. Materi
testing is a costly process that often involves man . ) _ ) :
materials-related disciplines and a wide variety o echanical performance. During real-time aging, this

laboratory equipment. It is recognized that while Iong_contmual evolution of bulk properties is slow and

term, real-time testing is required to fully assess thérequlentlty dunnptlceable. Itt IS thedchallter:]ge ﬁOf tan ¢
durability of materials, ecelerated aging may reduce accelerated aging program to speed up the eflects o

the expense and time involved by significantlySXpostqre fto e;:nronrgenltz_al stresi fz_actorsthvvtlth(_)ut
narrowing the field of acceptable candidataterials eéparting from the underlying mechanisms that give

which would go into long-term qualification tests. In rise to molecular level changes.

addition to materials screening;celerated aging may Rep\r:/dumblel M?ﬁhan_|smls lized understandi
help determine residual service life of existing f t € employ this simple generalized understanding

structures and suggest directions for produc he aging process in our development here. The

improvements. This type of information may then IeadmOSt Important requirement to keep in mind du_rmg the_
development of an accelerated aging method is that it
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must replicate those changes that occur in the redhctors. This provides a series of tests that can be
world. Thus emphasis must be put on the need tperformed to determine the critical degradation
understand and reproduce degradation mechanisnmsechanism of a given material system. As an example
associated with eachceelerated aging coittbn. A of this type of test matrix, table 1 shows the types of
mechanistic approach to this requirement wouldests run under the NASA High Speed Research [2]
require complete knowledge of all relevant degradatioriProgram, Materials Durability Task. As indicated by
mechanisms and the recognition that competindable 1, a number of composite material systems were
mechanisms may proceed at different rates as well @ssted under real time conditions across a range of
interact synergistically. Ideally, aging conditions canexposure or aging conditions. Data from this program
be chosen to accelerateaterial aging to a sufficient formed the basis for validation ofeelerated testing.
degree that one can establish rate information.
Indicator Properties METHODOLOGIES FOR POLYMER

Initially, accelerated aging is based on results from MATRIX COMPOSITES
exploratory tests from which  predictive models
provide a means for selecting aging parameters outside The three basic constituents of advanced polymer
the intended use-environment. These aging condition®atrix composites (PMC's) are fiber, interface, and
are chosen in order to reduce the time required tBatrix. In many circumstances the polymeric matrix
achieve a desired material end-state, but withougan be the key constituent that contributes to
changing the damage mechanisms identified for théegradation or changes in durability of PMC's.
operational environment. Beyond these exploratorychanges in composite stiffness, strength and fatigue
tests, additional studies must be conducted to identifffe can all be related to changes in the mechanical
material properties that are easy to measure and thBfoperties of the polymer matrix. Theccelerated
can be reliably correlated to changes in mechanica®9ing philosophy developed by several research
properties. These material “indicator" properties formprograms and recently sunarized by Bank, et al. [3]
the basis for deve|opment of more economica|has promoted individual test methods combined in an
accelerated aging schemes for Screening meverials integrated scheme to provide an accurate method for

and for evaluating the status of materials in long-terntinderstanding the different contributions of various
aging. degradation mechanisms to durability.

Real-Time Data Classes of Degradation Mechanisms

Another significant requirement for accelerated  Degradation (aging) mechanisms for PMC’s are
aging studies is the coupling of mechanical propertfivided into three classes: chemical, physical, and
data from acelerated aging ofnaterials with data Mmechanical. These three mechanisms may be additive
from real-time aging. The comparison with real-time0r subtractive depending on the environmental and
data will determine the caeleating factor for any mechanical loads.
given degradation mechanism. This correlation with Chemical Aging
results from real-time exposure dictates the need to Chemical aging refers to an irreversible change in
monitor all environmental stress factors and determinéhe polymer chain/network through mechanisms such
sensitivity of the factors to variations in parameters®S cross-linking or chain scission. Chemical

(e.g., temperature, humidity). degradation mechanisms include thermo-oxidative,
For most commercial, polymeric composite thermal, and hydrolytic aging. At typical operating
material systems, the cost of developing an extensiiémperatures (7% - 350F), cross-linking and

real-time database will force laboratories to collaborat@xidation are the dominant chemical aging
and develop national databases. This type ofmechanisms. Thermo-oxidative degradation becomes
coordinated effort will rely on the use of standardizedncreasingly important as the exposure temperature
test methods and data reporting. All reported dat&nd time increase. Frequently, such aging results in an
should indicate potential long-term behaviors byincrease in cross-linking density that can severely
acceleation of appropriate mechanisms and shoulcffect the mechanical properties by densification and
include acceptance testatd. Environmental stress increasing the glass transition temperatuyye T

factors such as temperature, load, moisture exposure, Physical Aging

etc. can have an effect on degradation mechanisms. Physical aging will occur when a polymer is
Normally, one or two environmental stress factorscooled below its J and the material evolves toward
dominate the aging of a material system. Each aginghermodynamic equilibrium.  This evolution is
mechanism should be investigated separately in ord@haracterized by changes in the free volume, enthalpy,
to determine the dominant environmental stres@nd entropy of the polymer and will produce
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measurable changes in the mechanical propertigdifferent exposure and loading conditions. These
(Struik  [4], McKenna [5]). Physical aging is models can be used to simulate the effects of different
thermoreversible by heating the polymédioee its ;  aging profiles to help formulate arcaelerated aging
and subsequently quenching the material. Temperaturzenario.

and thermal history have a strong influence on the rate GENERAL PROCEDURES
of physical aging. At the beginning of an accelerated aging program
Mechanical Degradation for PMC'’s, attention should be focused on the

Mechanical degradation = mechanisms  aredetermination of critical degradation mechanism(s).
irreversible processes that are observable on th€he key to this task is to determine the material
macroscopic scale. These degradation mechanisnperformance after systematic exposure to one or more
include matrix cracking, delamination, interface environmental stress factors. Material performance is
degradation, fiber breaks, and inelastic deformationdefined by a set of indicators that measure a specific
and thus have a direct effect on engineering propertigzroperty for the material. The indicators will be
such as bulk stiffness and strength. In some casegifferent dependent upon the mechanism of interest.
mechanical degradation mechanisms dominate onlyhe suggested procedure is as follows:
after chemical degradation mechanisms have modified a) Identify material by class (i.e. thermoplastic,
the polymer properties in such a way that loads anthermoset).
stresses are not tolerated in the aged materials as they b) Identify mechanism to evaluate (i.e. thermal
would be in the unaged material. stability, matrix cracking, etc.).

Real-time Testing ¢) Choose an environmental stress factor for aging.

The methodology for real-time testing of a durable  d) Conduct aging experiment within limits of the
composite over the service life of typical applicationschosen environmental stress factor using established
has been detailed in several standards documents suctethods.
as provided by MIL-HNBK-17 and ASTM. These e) Perform post-aging tests with indicators
standards provide guidance on the selection of methodensitive to changes in material performance and
to assess degradation due to a variety of mechanicabmpare results to unaged values.
factors. When considering the effects of environmental
stress factors on durability, these standard test methods The results of such a study will allow one to
form a starting point for the development of newevaluate whether this particular degradation
accelerated test methods. mechanism will be critical for the given application.

The assessment of environmental stress factors ihhis procedure can be repeated for all degradation
the aging of polymer matrix composite materials ismechanisms of interest for that material. It should not
crucial to the development of aging scenarios capablmtroduce extraneous damage/degradation mechanisms
of acceleating the degradation process. Thisnor should it omit any known degradation
assessment must include tasks which concentrate enechanisms. Additionally, the set of mechanical
long term aging, determination of@eleation factors, properties or indicators chosen for screening should be:
and analysis development. Essentially, the long-term e« Those most critical from the structural
aging task provides the baseline data against which alierformance viewpoint
accelerated work must be compared. ifiddal aging e Those most sensitive to degradation.
is performed investigating the individual and Identify Material Type
synergistic effects of specific environmental stress The first step mentioned above requireaterial
factors on the degradation process. For examplédentification. For this purpose, a thermoset is defined
environmental stress factors under consideration mays a cross-linked polymer network that hardens to final
include aging at temperatures greater than the usehape after cool down from the forming temperature
temperature but less than the glass transitiomnd is incapable of being reshaped. A thermoplastic
temperature, aging in different gaseous environmentsnaterial is a linear polymer of amorphous, semi-
aging under load, exposure to ultra-violet radiationcrystalline, or mixed morphology. A thermoplastic
and exposure to moisture. Data from such aging is usesbftens on heating to a state where the shape may be
to determine which environmental stress factorshanged by physical forces and resolidifies on cooling.
dominate the degradation process and which result im principle, the process of softening and solidifying
the same degradation modes as observed in the reahay be repeated indefinitely.
time, long-term aging study. Once an understanding of A great deal of work has been performed using
the material behavior is obtained models can beghese principles over the last five years. While it is not
developed to predict material performance under
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possible to detail the results of all of this work, it ismay either continue to embrittle or start to degrade
possible to report here some generalized conclusions. significantly. Indicators that are useful for tracking
Assess Aging by Thermo-Ovative Degradation thermal degradation are much the same as for thermo-
In the polyimide material systems, the oxidationoxidative degradation. As an example, figure 2 shows a
reaction occurs through a radical chain process (Davidomparison between properties measured for room
and Sims [6], Schnabel [7], White and Turnbull [8]) temperature and elevated temperature fatigue of a
and is referred to as autoxidation. The effects ofjraphite/bismaleimide composite (Johnston and Gates
oxygen exposure during aging can only be determinefll0]). As shown, the changes incurred during the
if compared against aging in an inert environmentelevated temperature fatigue (case B) included loss in
For example, as shown in figure 1, samples were ageaeight, increase in glass transition temperature, and
at temperatures above thgpper use-environment increase in crack density.
temperature, but below the glass transition temperature 1. Weight Initial weight loss of a polymer
in both the presence and absence of oxygen. Sonexposed to a purely thermal environment may occur
indicators that monitor thermo-oxidative degradationdue to loss of moisture and residual volatiles, just as in
are: thermo-oxidative degradation. However, the magnitude
1. Weight Initial weight loss of a polymer of weight loss for equal exposure times and
exposed to thermo-oxidative environment may occutemperatures is generally much less in purely thermal
due to loss of moisture and residual volatiles and is nalegradation than it is in thermo-oxidative degradation.
related to polymer breakdown. Usually, after several 2. Physical Change<ptical measurements, such
hundred hours of exposure, the sample weighas changes in color, surface texture, and crack density
stabilizes and any additional weight loss is indicativeare indicators of thermal degradation. Frequently,
of thermo-oxidative degradation. This is shown inthese changes are less noticeable in thermally aged
figure 1 by comparing weight loss for three differentsamples compared to those aged under the same
exposure environments. Once polymer degradatiomonditions with oxygen present.
occurs, the evolution of gaseous degradation products 3. Glass Transition TemperatureChanges in the
accompanies weight loss. glass transition temperature are frequently observed by

2. Physical ChangeOptical measurements, dynamic mechanical analysis. These changes are
such as changes in color, surface texture, and cradonsiderably smaller for equivalent aging conditions
density are indicators of thermo-oxidative degradation than for samples aged in the presence of oxygen.

3. Glass Transition Temperatur€hanges in 4. Mechanical PropertiedMost residual properties
the glass transition temperature are frequently observeslich as tension, compression strength, and stiffness do
by dynamic mechanical analysis. Usually, an increasaot make good indicators of thermal degradation early
in Tg suggests chain extension or networkin the aging process. However, more subtle
crosslinking. Figure 1 shows an example how the Tgnechanical properties such as fracture toughness are
can increase due to long term exposure. A decrease sensitive indicators of short-term aging.
normally associated with chain scission. Assess Aging by Hydrolytic Degration

4. Mechanical Properties Most residual The degree of plasticity in a polymer will increase
properties such as tension strength, compressiodue to long-term exposure to moisture. Moisture
strength, and stiffness do not make good indicators a@xposure has two important components: 1) diffusion
thermo-oxidative degradation early in the agingof water into the sample and 2) plasticization of the
process. However, more subtle mechanical propertigsatrix. Depending upon the diffusion coefficient of
such as fracture toughness are sensitive indicators wfater in the polymer system, significant differences in
short-term aging. water concentration can exist from one region of the
Assess Aging by Theral Degradation sample to the next, imposing additional stresses on the

Elevated temperature aging in polymers in thesystem. Some systems have also demonstrated a
absence of oxygen can also lead to changes in materi@décrease in microcracking fracture toughness when
properties due to additional cross-linking and/or chairsimultaneously exposed to water and mechanical stress.
scission. Analytical models capable of predicting theAt exposure conditions well inside the use-
long-term changes associated with chemical aging arenvironment; temperature 175F, humidity 50%, and
rare. A recent model, which colages change in tensile stress equal to residual internal stresses in a
mechanical properties due to additional cross-linkingguasi-isotropic laminate, microcracks will develop in
is given in Zhou [9]. Generally, thermoset systemdess than 5000 hours of exposure in some polymer
initially tend to embrittle during purely thermal aging. systems. Note that all of the environmental stress
Depending upon thermoset chemistry, these systenfactors are well within the limits of the intended use-
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environment, yet significant degradation of theassociated material master curves are found through
polymer matrix is observed. Such microcracking willtest. These parameters then form the basis of the
subsequently affect the rates of moisturematerial related inputs to the predictive models.
absorption/desorption during repeated hygro-thermal Models for prediction of long-term viscoelastic
cycling. behavior that include the effects of physical aging are
An example of this is provided in figure 3, which available in the literature (Peng [19], Dean [20],
shows the moisture absorption, desorption curves for Brinson and Gates [21]). Most of these models use an
graphite thermoplastic polyimide. This is a perfectintegral expression where the effect of physical aging
example of a critical degradation mode. The presencis normally accounted for by modifying the expression
of internal stresses formed microcraks in the laminatéor the viscoelastic compliance. The model proposed by
which subsequently allowed for new pathways forBrinson and Gates and expanded by Bradshaw and
moisture uptake. In this case, the environmental stred®8rinson [22] was stcessfully employed to model the
factors are heat, moisture, and mechanical load.esponse of a graphite/thermoplastic laminate loaded
Indicators that are useful for tracking hygrothermalboth in tension and compression over a range of sub-
stability are: Tg temperatures Gates, et al. [23]. The indicator used
1. Physical Changes An increase in crack to characterize the physical aging of polymer
density may be observed after exposure. As shown inomposites is as follows:
figure 3, anomalous weight change behavior may be 1. Mechanical PropertiesTime-dependent tests,
noted during cyclic exposure with the time towhich can be used to assess the degree of physical
saturation and drying shortened by orders of magnitudaging, include creep and stress relaxation. These tests
following microcrack formation. should be made so that the material remains within the
2. Mechanical PropertiesFracture toughness is linear viscoelastic range. Static residual properties,
particularly sensitive to hygro-thermal degradation.which indicate a change in behavior due to physical
Other engineering properties such as residual tensiomging, include tension and compression strength and
and compression strength, and stiffness, are alsstiffness of notched and unnotched specimens.
affected to a lesser extent. For the physical aging mechanism, Struik [4]
Assess Physical Aging suggested that loading a material to a nonlinear stress
As noted earlier, physical aging involves subtlelevel will apparently “deage” it. The explanation
changes in thermodynamic properties of the polymeproposed by Struik is that large deformation processes
matrix. A measure of the rate and henceeteation caused by high stress, generate free volume and
of physical aging using isothermal creep tests has beeejuvenate the sample, partially erasing the previous
performed on a number of polymer systems with lowaging. An alternative explanation for the reduction of
glass transitions (McKenna [11], Crissman [12],shift rate with high stresses has been proposed by Lee
Sullivan [13], Read [14], Read [15], Janas [16]).[24]. They stated that an increase in the amplitude of
Physical aging of polymers and polymer compositeshe stress applied in the physical aging experiment
usually employs a method that relies on short-terntesults in a decrease in the shift rate simply because the
tests and the concept of an aging-induced shift factochanges in structure accompanying volume recovery
This test method provides an approach to obtaimffect the nonlinear response differently at large
guantitative relationships among the short-term, timestresses than at small ones. Investigations on the
dependent experimental data, aging-free creep masteffects of stress during aging of composites was
curves, and the long term behavior. For PMC’s, detailperformed by Gates and Feldman [25].
of these test procedures are provided in Veazie andlssess Ading by Mechanical Degedin
Gates [17], Gates and Feldman [18]. All of the Mechanical degradation mechanisms are those
experimental and analytical procedures described iassociated with the initiation of damage or the growth
these documents make use of the principles of timesf pre-existing damage due to the application of stress
temperature superposition (TTSP) and time-aging timer deformation. Often these mechanisms are the result
(TASP) superpagon. The fundamental assumption in of prior physical or chemical aging which changes the
both cases is that the time-based response can benstituent mechanical properties. They also are aided
accelerated. For the case of TTSP, an increase iny other factors such as initial defects or flaws in the
temperature will ecelerate the time-dependent materials. The dominant mechanical mechanisms
response (e.g. creep, relaxation) however changes include matrix cracking, delamination, fiber breaks,
the aging behavior are not accounted for. To acceleratnd inelastic deformation.
the aging effects, both TTSP and TASP must be
utilized. The TTSP and ASP shift factors and the
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Matrix Cracking: Given a sufficient mechanical from shear-induced failure during transverse impact.
load, matrix cracking will occur in PMC’s. Cracks that Increases in environmental stress factors such as
initiate due to localized stress concentrations typicallyemperature or moisture may decrease fiber strength as
act as a stress relieving mechanism. These cracks hawell as modify the matrix response to externally
the same effect as lowering the stress concentratioapplied loads. Preferred methods of acedieg this
factor and allowing more load to be carried by themechanism are by increasing the rate at which
laminate and, therefore, increase the gross strengtmechanical fatigue loads and thermal cycles are
Conversely, matrix micro-cracks that initiate in off- applied. The indicators used to characterize the fiber
axis plies result in a loss of laminate stiffness. Thdailure of polymer composites are as follows:
magnitude of the load and the extent of the 1. Mechanical Properties Static residual
environmental stress factors determine the degree giroperties, which indicate a change in stiffness and
matrix micro-cracks. An example of the effects of loadstrength, include tension and compression of notched
and temperature are shown in figure 4 (Johnston anand unnotched specimens.

Gates [10]). In this figure, the micro-crack density data  Inelastic Deformation:This type of mechanical
from the composite laminate shows that at alldamage can occur in a polymer matrix composite due
temperatures, crack density will increase with anto plasticity, creep and stress relaxation. Each of these
increase in the mechanical load and that even in thepics is defined below. However, the dominant affect
absence of mechanical load, high temperature exposuom a laminate would be observed as a change in its
alone may be sufficient to generate substantial micromatrix dominated properties such as shear and
cracks. transverse stiffness. This mechanism can be

In general, micro-crack densities increase as thaccelerated by exposure to higher stresses and higher
exposure time increases and additional long-termtlemperatures.
exposure increases the probability of delamination and  Plasticity: If the stress in a material is too high its
eventually fiber breakage. Preferred methods ofesponse is no longer elastic. The limiting stréss/a
acceleating this mechanism are increasing the ratevhich this occurs is called the elastic limit. The strain
and magnitude at which the mechanical and thermahat remains after removal of the stress is called the
spectra are applied. The indicators used to characterimgelastic strain. In some materials, the strain continues
the microcracking of polymer composites are ado increase for a short while after the load is fully
follows: applied, and then remains constant under a fixed load,

1. Physical Changes An increase in crack but a permanent strain remains after the stress is
density may be observed after static or fatigue loading.removed. This permanent strain is called the plastic

2. Mechanical Properties Static residual strain. Plastic strain is defined as time independent
properties, which indicate a change in stiffnessalthough some time dependent strain is often observed
include tension and compression of notched ando accompany plastic strain.
unnotched specimens. Creep: Creep is the slow continuous deformation

Delamination: Polymer composite laminates of a material under constant stress. For small strains,
delaminate when through-the-thickness stresseseelx constant load and constant stress experiments are the
out-of-plane strength properties (O'Brien [26], O'Briensame. The first stage in which creep occurs at a
[27], Adams [28], Hooper [29]). This type of damagedecreasing rate is called primary creep; the second,
mechanism can significantly reduce the compressivealled secondary stage, peeds at a nearly constant
strength of the laminate by reducing the stability in theate; and the third or tertiary stage occurs at an
region where the delamination occurs therebyincreasing rate and terminates at fracture.
increasing the likelihood of a buckling failure mode. Stress Relaxation: Stress relaxation is the gradual
The level of applied stress directly influences thedecrease in stress of a material subjected to a constant
incidence and rate of delamination. Preferred methodstrain. This stress may asymptotically reach a limiting
of acceleating this mechanism are by increasing thevalue slowly over time.
rate at which the mechanical and thermal spectra are
applied. The indicator used to characterize the
delamination of polymer composites is as follows: SUMMARY AND CONCLUDING REMARKS

1. Physical Changesvoid formation detected by Historically, the two dominant means for
non-destructive evaluation of laminate integrity usingacceleating aging in PMC’s are the use of increased
ultrasonic C-scans. levels of mechanical stress and temperature. Increasing

Fiber Breakage:Fiber failure in PMC’s occurs mechanical stress has several effects at the molecular
when mechanical loads exceed fiber tensile strength or
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level: diffusion of gases and liquids into the polymernot reproduced in the use-environment. For example,
matrix is enhanced and some population of chemicaivhen moisture uptake occurs the temperature will be
bonds in the polymer chain will be loaded to a highedow. Therefore, although moisture is present, it will
level, thereby reducing the energy needed to rupturdiffuse very slowly into the laminate matrix. During
the bond. Increasing the temperature accelerates abcent and operation of high performance aircratt,
thermally activated rate processes. It will also reducenost moisture absorbed by the laminate will be
the activation energy of chemical bond rupture in thedesorbed quite rapidly due to the increase in the
polymer. Elevated temperature (sub-Tg) will alsotemperature at operational conditions. Thus, the
increase the free volume in the polymer, hencequilibrium water content of the in-service laminate
decreasing the time needed to age to thermodynamiill never approach that of the lab specimen, even over
equilibrium. Increased temperature is also usuallyhe lifetime of the aircratft.
associated with decreases in both strength and stiffness Prior to the development of accelerated test
in PMC’s and will lead to increased ductility and strain methods, several limiting factors should be recognized.
to failure. Unfortunately, the use of -elevatedPerhaps the most important limiting factor is that the
temperature for accekstion of the aging mechanism(s) “short term test” can actually take several years to
may promote degradation mechanisms that do nalevelop and validate. Hence, time available for
occur at use-environment temperatures or alter thmethods development may control the final outcome of
rates so that degradation may not beceterated the test program. Other limiting factors to consider
proportionally. include:

For chemical aging mechanisms, stress, or Lack of in-situ NDE methods.
mechanical load, may increase the probability of bond  Some property behavior cannot be accelerated.
rupture within the polymer. Residual stress or the  Scaling or size effects may play a role.
externally applied stress on the chemical bond cam  Synergistic mechanisms can confound data
accelerate chain scission caused by chemical reaction. analysis.
It has also been found that stress can alter the effective | ack of integration of field data and lab data.
activation energy for a chemical reaction. The use of  gijte specific environmental factors must be
stress to accelerate physical aging is not recommended 5qdressed.
due to a lack of clear understanding of the effect of Need to mitigate risk may stifle innovation.
applied stress on physical aging. Increased stress has |ntroduction of new materials may make some
been traditionally used as the primary means for i obsolete.
acce_leatmg mec_hanlcal degradation. T_he_occurrencq Lack of standards for data collection.
of microcracks, fiber breaks, and delaminations will all

be accelerated through the apation of increased Clearly, the study of aging, accelerated aging, and

static or fatigue stress. the effects of aging on high performance laminated
Aside from temperature and stress, secondanfiaerials is a challenging and difficult task.

accelerators such as moisture, tigdr pressureé of  nevertheless, it is imperative that a  scientific
oxygen, geometry, and layup should be considered fqgnq\ledge base is built up as the demands on material
PMC’s. The application of a particulacalerator or  gystems increase on all fronts. Only through long-
set of acceleratorsillvbe dictated by the dominant oy dedicated perseverance in addressing the difficult
degradation mechanism for each use-environment. Ong,q complex issues surrounding this area of research
must also consider that aging performed in th&gn we expect to extend the use of modern materials

standard environment may actually represent apysiems safely and reliably to the most demanding,
accelerated aging case foraterial systems that don’t challenging and rewarding applications.

operate in the standard environment. As an example,
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Long-Term Aging Condition

Material Isothermal Isothermal | Thermally [ Isothermal Thermo-
w/o load w/ load cycled w/o Fatigue mechanical
load Fatigue
Thermoplastic | IM7/PIXA X X X X
Polyimide IM7/K3B X X X X X
Polyimide IM7/PETI-5 X X X X X
BMI IM7/5260 X X X X X
BMI IM7/5250-4 X X X X X

Table 1. Test matrix for long-term aging of polymeric composites performed under the
NASA High Speed Research, Materials Durability program.
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Figure 1. Effects of oxygen content on the measured change in weight and glass transition
temperature of a graphite/thermoplastic.

Fatigue Conditions: ' ; Fatigue Conditions:

Ona= 238 MPa. | ] Oma= 238 MPa.

Temperature 23°C i Temperature 218°C
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ATg= None R RRR R ATg= 40°C s AR
Photomicrograph (25x) of Photomicrograph (25x) of
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absence of damage microcrack damage

Figure 2. Effects of temperature during isothermal fatigue on the residual weight, glass
transition, and damage state of a graphite/bismaleimide composite.
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Figure 3. Effects of internal stress on the measured water uptake of a graphite/thermoplastic.
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Figure 4. Effects of test temperature and fatigue stress level on the development of matrix
cracks of a graphite/bismaleimide composite.
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